AtlA is a major cell-lytic enzyme called autolysin in Streptococcus mutans. In this study, we identified the atlg gene-encoding autolysin (Atlg), consisting of 863 residues from Streptococcus sobrinus 6715DP, and confirmed lytic activity of recombinant Atlg by zymography of S. sobrinus cells. An atlA-inactivated mutant was constructed in S. mutans Xc, and the atlg gene product was characterized by plasmid complementation. Microscopic analysis, saliva-induced aggregation assay and autolysis assay of static cultures in air revealed that the atlg gene product partially complemented the role of AtlA. Furthermore, the capability of biofilm formation of the atlA-deficient mutant cultivated in air was restored by plasmid comprising the atlg gene. These findings suggest that Atlg may be involved in cell separation and biofilm formation in S. sobrinus.
Introduction
Streptococcus mutans and Streptococcus sobrinus are cariogenic agents isolated from human dental decay (Loesche, 1986) . In S. mutans, an autolysin protein, AtlA, consists of 979 amino acids (Shibata et al., 2005) and has been designated Smu0630 (Brown et al., 2005; Ahn & Burne, 2006) and Aml (Yoshimura et al., 2006) . This surfaceassociated protein is involved in cell separation, biofilm formation and genetic competence (Brown et al., 2005; Ahn & Burne, 2006) . This enzyme with lytic activity on peptidoglycan seems to be an N-acetylmuramidase, and the enzyme consists of three domains: a signal peptide in the N-terminus, a putative cell-wall-binding domain in the middle and a catalytic domain in the C-terminus (Yoshimura et al., 2006) . The putative cell-wall-binding domain and catalytic domain are required for full activity of AtlA (Ahn & Burne, 2006) . In the predicted cell-wallbinding domain are five 15-residue repetitive sequences (RP1-5) (Yoshimura et al., 2006) . Two isoforms of AtlA, 107-and 79-kDa proteins, have been identified (Shibata et al., 2005) and the 79-kDa protein is considered a mature form (Ahn & Burne, 2006) . This processing requires a protein encoded by thmA in the atlA operon (Ahn & Burne, 2006) and is regulated by the VicRK two-component system (Ahn & Burne, 2007) . AtlA and Vic pathways are central to the response of S. mutans to an oxidative environment (Ahn & Burne, 2007) .
Limited information on autolysin of S. sobrinus is available: two proteins, 78 and 90 kDa, have been identified as relatively strong and significantly weak activities of autolysis, respectively (Yoshimura et al., 2004) . To clarify autolysins of S. sobrinus genetically, we performed degenerate PCR and gene-walking and identified an autolysin gene designated atlg for autolysin of S. sobrinus (serotype g). As we could not obtain an atlg mutant of S. sobrinus by allelic homologous recombination, we characterized the function of atlg gene products using plasmid complementation on an S. mutans atlA defective mutant.
Materials and methods

Bacterial strains and growth conditions
Streptococcus sobrinus 6715DP (serotype g) (Hamada et al., 1983) and S. mutans Xc (serotype c) (Koga et al., 1989) were propagated at 37 1C with brain heart infusion (BHI) broth (Difco). For selection of antibiotic-resistant colonies after genetic transformation, erythromycin (10 mg mL À1 ) or spectinomycin (1 mg mL À1 ) was added to media as needed. For microscopic analysis, cells were grown at 37 1C statically in air, agitating on a shaker at 150 r.p.m. in an aerobic atmosphere, or under anaerobic conditions using AnaeroPack s (Mitsubishi Gas Chemical, Japan). For assays of autolysis, biofilm formation and saliva-induced aggregation, cells were cultured at 37 1C statically in air. Escherichia coli BL21(DE3) (Novagen) was grown at 37 1C in Luria-Bertani broth.
Identification of atlg gene from S. sobrinus
Chromosomal DNA of streptococci was isolated using the PUREGENE TM DNA Yeast and Gram-Positive Bacteria Kit (Gentra Systems). To obtain a portion of the atlg gene, we performed PCR with degenerate primers designed to amplify a region between the putative cell-wall-binding region and catalytic domain based on the sequence of the atlA of S. mutans Xc (Shibata et al., 2005) 
. A 1.3-kb fragment of PCR was cloned into pGEM s -T Easy vector (Promega), sequenced and confirmed as a part of the atlg gene. To retain the flanking region of the fragment, a DNA library for gene-walking was constructed using a Universal Genome Walker Kit (Clontech), and PCR was performed with gene-specific primers and an adaptor primer, AP1, provided with the kit (Clontech). PCR products were directly sequenced using a 3130 Genetic Analyzer (Applied Biosystems).
Construction of atlA inactivated strain
By allelic homologous recombination, the atlA gene of S. mutans Xc was disrupted by deletion (905-2365 nucleotides from the start of the gene) and insertion of the erythromycin gene from an E. coli-Streptococcus shuttle vector pVA838 (Macrina et al., 1982) . Inactivation of the atlA gene was confirmed by sequencing.
Plasmid complementation
A plasmid pDLS3 comprising a 576-bp upstream region of the atlg gene and intact atlg gene was constructed. Briefly, PCR was performed with primers H-S58F (5 0 -TCCAAAGC TTGAAGGGCGGGGAAGAAACA-3 0 , underlined HindIII site) and B-S59R (5 0 -TCGCGGATCCTCTTGATAGGCTT ATTCTTAGACCA-3 0 , underlined BamHI site). The 3205-bp fragment amplified by PCR and the spectinomycinresistant E. coli-Streptococcus shuttle vector pDL278 (LeBlanc et al., 1992) were digested with HindIII and BamHI and ligated. The construct was confirmed by sequencing. Natural transformation of S. mutans cells was performed (Perry et al., 1983) and the selected transformants were confirmed by PCR and direct sequencing.
Expression and purification of recombinant Atlg
An expression plasmid for recombinant Atlg (residues 32-863) with a histidine hexamer tag at the C-terminus was constructed as follows: primers S53 (5 0 -AATATACA TATGGATGAAACGACAGGAGTTCAAGCGGA-3 0 , underlined NdeI site) and S54 (5 0 -AAAATGCTCGAGGACCAAA CGGCCAGTGTAGTCAATACT-3 0 , underlined XhoI site) were used in PCR to amplify the atlg gene. The PCR product was further treated with NdeI and XhoI and cloned into the expression vector pET-21a (1) (Novagen). The sequence of the plasmid was confirmed on both strands. Recombinant Atlg was expressed in E. coli and then purified using an Ni-NTA column (Qiagen).
Zymographic analysis
Autolytic proteins of cells were extracted in 4% (w/v) sodium dodecyl sulfate (SDS) solution as described previously (Yoshimura et al., 2004) . For zymography, hydrofluoric acid (HF)-treated streptococcal cells were prepared as described previously (Shibata et al., 2005) with slight modification. Before polymerization of running gel, HFtreated cells were mixed with acrylamide gel solution and the cell suspension was adjusted to an OD 600 nm of 1.0. Proteins (10 mg) were separated on 7.5% acrylamide gels comprising HF-treated cells. After the electrophoresis, gels were washed with distilled water four times for 30 min and then soaked in phosphate-buffered saline (PBS) with 1 mM CaCl 2 and 1 mM MgCl 2 . The gels were incubated at 37 1C for 12 h.
Microscopic observation
Cells grown for 16 h in BHI broth under the indicated conditions were observed using differential interference contrast with a confocal laser-scanning microscope LSM 510 (Carl Zeiss) at the Center for Electron Microscopy and Bio-Imaging Research Central Research Laboratories, Iwate Medical University. Chain lengths were counted from 50 randomly selected chains under the microscope.
Saliva-induced aggregation assay
Aggregation of cells induced by unstimulated whole saliva was analyzed as described previously (Ahn et al., 2008) . Briefly, cells grown for 16 h were harvested by centrifugation, washed twice with PBS and suspended in PBS to an OD 600 nm of 0.6. Unstimulated whole saliva was mixed from two volunteers, clarified by centrifugation and filtrated. Bacterial suspension (900 mL), filtrated saliva (100 mL) and 100 mM CaCl 2 (5 mL) were mixed and incubated at 37 1C for 2 h. Turbidity of bacterial suspension was measured at 600 nm, and aggregation activity was represented by the percent decrease in OD 600 nm .
Autolysis assay
The autolysis assay was carried out as described previously (Shibata et al., 2005) . Briefly, cell suspensions of S. mutans Xc derivatives were adjusted to an OD 550 nm of 0.9 and incubated at 44 1C; turbidity of cell suspensions was monitored at 550 nm.
Biofilm assay
Biofilm assay was performed in flat-bottomed 96-well polystyrene cell culture plates (TPP, Switzerland). Bacterial cells (1.0 Â 10 4 CFU) were cultured in 200 mL of BHI broth with or without the addition of 1% (w/v) carbohydrates, glucose, sucrose or maltose for 16 h at 37 1C. Wells were washed once with distilled water and stained with 1% (w/v) crystal violet solution for 10 min. Wells were washed three times and air dried for 10 min. Adhered crystal violet was solubilized with ethanol and was measured at A 595 nm .
Statistical analysis
Saliva-induced aggregation assay was analyzed by one-way ANOVA. Multiple comparisons were performed using the Bonferroni correction at P o 0.05.
Nucleotide sequence accession number
The nucleotide sequence of the atlg gene has been deposited in GenBank under accession number AB302403.
Results
Sequence analysis
In the 6599-bp sequenced region, one incomplete ORF, ORF1 and four complete ORFs, ORF2-5, were predicted, as shown in Fig. 1a . The deduced amino acid sequence of ORF1 showed homology (94.8% identity) to the C-terminal region of a GTP-binding protein LepA (SMU.1394) of S. mutans UA159, a completely sequenced strain (Ajdić et al., 2002) . Using the BLAST program (Altschul et al., 1990) , homology search against the predicted proteins of S. mutans UA159 revealed that ORF2 (atlg) showed homology (39.9% identity and 68.8% similarity) to AtlA and ORF3, ORF4 and ORF5 showed homology (62.2%, 59.2% and 68.9% identities) to the putative pore-forming peptide (ThmA, SMU.692), hypothetical protein (SMU.695) and cytidylate kinase (SMU.696), respectively. In contrast, homologous genes coding for SMU.688, SMU.690 and SMU.691 were not observed in the sequenced region in S. sobrinus 6715DP compared with atlA gene loci of S. mutans UA159 (not shown) and Xc (Fig. 1a) . Thus, the adjacent region of atlg was divergent from that of atlA. A putative promoter sequence, TTAACG-N 19 -TAGATT, could be identified 30 bp upstream from the start codon for atlg. The predicted product of atlg was an 863-amino-acid protein with a molecular weight of 93344.48 and a pI of 4.69. A 30-amino-acid signal sequence was predicted in the N-terminus by the SIGNALP 3.0 program (Bendtsen et al., 2004) (Fig. 1b) . Four 15-residue repeats (RP1-4) were observed in the putative cell-wall-binding region (positions 195-209, 286-300, 393-407, 484-498) of Atlg in contrast to five repeats in AtlA (Yoshimura et al., 2006) . Amino acid sequence alignment using the program MACVECTOR 7.2 (MacVector) indicated that 96 residues were deleted in the putative cell-wall-binding domain of Atlg, which corresponds to the region containing RP3 (position 407-421) of AtlA (Fig. 1c) . The C-terminal region (position 662-863) was predicted to be a catalytic domain homologous to glycoside hydrolase family 25 in the CAZy database (http:// www.cazy.org/). Between Atlg and AtlA, homology analysis of three regions, signal sequence, putative cell-wall-binding domain and catalytic domain, showed 53.6%, 63.7% and 89.1% similarities, respectively (Fig. 1b) . This finding indicated strong similarity at the catalytic domain between Atlg and AtlA.
Zymographic analysis
To clarify the products of atlg for an autolysin, purified recombinant Atlg was evaluated with SDS extracts of S. mutans Xc and S. sobrinus 6715DP by SDS-polyacrylamide gel electrophoresis and zymography on gels containing HF-treated S. sobrinus cells (Fig. 2a and b) . Two 107-and 79-kDa bands were observed in SDS extracts of S. mutans (Fig. 2b, lane 1) . A 72-kDa band was detected in SDS extracts of S. sobrinus (lane 2). A 104-kDa band was observed in recombinant Atlg (lane 3). These findings indicated that Atlg could lyse HF-treated S. sobrinus cells. Furthermore, we observed similar lytic activities of Atlg and SDS extracts of S. sobrinus on gels comprising HF-treated S. mutans Xc cells (Fig. 2c) . Thus, Atlg could lyse HF-treated S. mutans cells.
Microscopic analysis
We characterized the atlg gene product in an atlA-inactivated mutant, DatlA, of S. mutans Xc using plasmid complementation. Under static cultivation in air (Fig. 3a) , elongated chain formation (shown as the mean AE SD; 96.7 AE 46.3 cells per chain) and clumps were observed in DatlA(pDL278) cells compared with Xc(pDL278) cells (2.5 AE 1.3 cells per chain). In contrast, comparative shorter chain formation (4.0 AE 2.7 cells per chain) was found in DatlA(pDLS3) cells, the atlA-deficient mutant comprising pDLS3, as observed in Xc(pDL278) cells. Thus, atlg gene products could change the filamentous formation of the atlA mutant to the shorter chains under static cultivation in air.
To examine the effect of oxygen on plasmid complementation, we assessed DatlA(pDLS3) cells cultivated under (pDL278), wild-type cell containing pDL278; DatlA(pDL278), atlA-deficient mutant of Xc comprising pDL278; DatlA(pDLS3), atlAdeficient mutant of Xc containing pDLS3, the plasmid carrying atlg gene and its predicted promoter region. (b) DatlA(pDLS3) cells were grown in BHI broth under aerobic (AE) or anaerobic (AN) conditions. For aerobic growth, cells were cultured at 37 1C with agitation using a shaker (150 r.p.m.). For anaerobic culture, an anaerobic system was used. Scale bars: 10 mm. Data are representative of three independent experiments. aerobic or anaerobic conditions (Fig. 3b) . Under aerobic conditions, DatlA(pDLS3) cells showed shortened chains (6.2 AE 4.8 cells per chain), similar to the finding of static cultures in air. Under anaerobic conditions, the cells showed comparative filamentous chains (30.1 AE 19.7 cells per chain). Furthermore, we examined Xc(pDL278) and DatlA(pDL278) cells cultivated under aerobic or anaerobic conditions. In spite of the presence or absence of oxygen, Xc(pDL278) and DatlA(pDL278) cells retained shortened and elongated chains, respectively (not shown). The chain length of Xc(pDL278) cells showed 2.7 AE 2.0 and 4.5 AE 2.8 cells per chain under aerobic and anaerobic conditions, respectively. Chain length of DatlA(pDL278) cells showed 82.6 AE 47.5 and 98.2 AE 45.0 cells per chain under aerobic and anaerobic conditions, respectively. Thus, atlg could not fully complement the defect of atlA under anaerobic conditions. For subsequent complementation analyses, we used static cultures of three Xc derivatives.
Saliva-induced cell aggregation assay
Next, atlg gene function was studied by saliva-induced cell aggregation assay. In the absence of saliva, no significant differences of self-aggregation in three studied cells were observed (Fig. 4) . In the presence of saliva, DatlA(pDL278) cells and DatlA(pDLS3) cells were more efficient at aggregating than Xc(pDL278) cells (P o 0.001). Notably, the aggregation activity of DatlA(pDLS3) cells was lower than that of DatlA(pDL278) cells (P o 0.05). This finding indicated that atlA deficiency was not completely complemented with atlg in the presence of saliva.
Autolytic analysis
Autolytic activity was examined at 44 1C, which is the optimal temperature for lytic activity of AtlA in S. mutans Xc (Shibata et al., 2005) . After the 48-h incubation period (Fig. 5) , autolysis was observed in Xc(pDL278) cells and DatlA(pDLS3) cells, whereas no marked decrease of turbidity was observed in DatlA(pDL278) cells. This finding demonstrated that Atlg could act as an autolysin of S. mutans.
Biofilm assay
The capability of biofilm formation was evaluated in the three cells (Fig. 6) . When Xc(pDL278) cells were grown statically in air, cells formed poor biofilm in BHI alone, albeit BHI is an enriched medium containing 0.2% (w/v) glucose, but formed obvious biofilms with the addition of 1% (w/v) glucose, sucrose or maltose. In contrast, DatlA(pDL278) cells hardly formed biofilms with Fig. 4 . Saliva-induced aggregation of Streptococcus mutans Xc derivatives. In the absence (PBS) or presence (UWS) of saliva, aggregation of the cell suspension at 37 1C was measured at OD 600 nm . Assays were performed five times and error bars represent SDs. In the absence of saliva, there were no significant differences in self-aggregation of three cells. In the presence of saliva, significant differences were detected by one-way ANOVA between DatlA(pDL278) and Xc(pDL278) (P o 0.001), between DatlA(pDLS3) and Xc(pDL278) (P o 0.001) and between DatlA(pDL278) and DatlA(pDLS3) (P o 0.05). supplemented glucose or maltose, whereas DatlA(pDL278) cells formed biofilms with supplemented sucrose. The biofilm formation of DatlA(pDLS3) cells was similar to that of Xc(pDL278) cells with the addition of glucose or maltose, suggesting that atlg could restore the defects of the atlAdeficient mutant of S. mutans regarding biofilm formation.
Discussion
In this paper, we described the first identification of the atlg gene and proximal regions in S. sobrinus. In S. mutans, the gene encoding SMU.688, also called Smu0629, which is required for efficient expression and processing of AtlA (Ahn & Burne, 2007) , is located in the region just upstream of atlA (Shibata et al., 2005; Ahn & Burne, 2007) . We revealed that the gene encoding SMU.688 homolog was not located upstream of atlg in the region, suggesting that gene regulation of atlg may be different from that of atlA.
As genetic manipulation was difficult in S. sobrinus 6715DP, we characterized the atlg gene product in an atlA mutant of S. mutans Xc. In our complementation tests, the plasmid harboring the atlg gene partially complemented the atlA defect in S. mutans. Furthermore, we demonstrated by zymography that Atlg was an autolysin of S. sobrinus and could act as an autolysin, as did AtlA. This is supported by the observation in autolytic analysis.
It is known that oxygen affects autolysis of S. mutans cells (Ahn & Burne, 2007) . Our morphological analysis of cells showed that the atlg gene could partially complement the defect of atlA under aerobic conditions but not fully under anaerobic conditions. Thus, oxygen may affect complementation of the plasmid harboring the atlg gene in S. mutans cells. One explanation is that gene expression of atlg and/or function of Atlg might be repressed in the atlA mutant of S. mutans under anaerobic conditions. Another explanation is that the resistance to autolysis by autolytic proteins of S. mutans and/or Atlg might occur in atlA mutant cells under anaerobic conditions. This explanation is partially supported by the observation of the significant resistance of atlA mutant to autolysis under anaerobic conditions (Ahn & Burne, 2007) . Further study of the expression of atlg in atlA mutant under different atmospheric conditions is needed.
The property of aggregation stimulated by saliva is an important trait of S. mutans. This aggregation of S. mutans is involved with a cell surface protein antigen I/II, also called P1 (Koga et al., 1990) . Furthermore, atlA deficiency affects proper localization of antigen I/II, which demonstrated that antigen I/II was readily extracted with a nonionic detergent in the atlA mutant of S. mutans cells but not in wild-type cells (Ahn & Burne, 2006) . In our study, atlg could not fully complement atlA defects in the presence of saliva. It is tentatively speculated that atlg gene products may be associated with proper localization of cell surface proteins (i.e. antigen I/II) in the atlA mutant. Further investigations would clarify the involvement of autolysins with localization of cell surface proteins.
The previous work demonstrated that atlA defect reduces the ability to form a biofilm in BHI broth with 1% (w/v) glucose and sucrose (Shibata et al., 2005) . In our study, atlA mutant formed less biofilm in BHI broth with glucose and formed similar levels to wild-type cells in BHI broth with sucrose. This difference may reflect divergent culture conditions: in the assay of Shibata et al. (2005) , cells were cultured in 7.3% CO 2 environment, whereas, in our assay, cells were cultured in air.
In conclusion, we identified the atlg gene and revealed that Atlg was an autolysin of S. sobrinus and that atlA deficiency in S. mutans was partially complemented with atlg. Our results suggest that Atlg may be associated with cell separation and biofilm formation in S. sobrinus. To develop lytic enzymes selective for S. mutans and S. sobrinus, we are studying lytic specificity of AtlA and Atlg against oral streptococci.
